Summary: High-throughput sequencing of bisulfite-converted DNA is a technique used to measure DNA methylation levels. Although a considerable number of computational pipelines have been developed to analyze such data, none of them tackles all the peculiarities of the analysis together, revealing limitations that can force the user to manually perform additional steps needed for a complete processing of the data. This article presents bicycle, an integrated, flexible analysis pipeline for bisulfite sequencing data. Bicycle analyzes whole genome bisulfite sequencing data, targeted bisulfite sequencing data and hydroxymethylation data. To show how bicycle overtakes other available pipelines, we compared them on a defined number of features that are summarized in a table. We also tested bicycle with both simulated and real datasets, to show its level of performance, and compared it to different state-of-the-art methylation analysis pipelines. Availability and implementation: Bicycle is publicly available under GNU LGPL v3.0 license at http://www.sing-group.org/bicycle. Users can also download a customized Ubuntu LiveCD including bicycle and other bisulfite sequencing data pipelines compared here. In addition, a docker image with bicycle and its dependencies, which allows a straightforward use of bicycle in any platform (e.g. Linux, OS X or Windows), is also available.
Introduction
DNA methylation is an epigenetic modification with an important role in gene expression (Smith and Meissner, 2013; Suzuki and Bird, 2008) , leading to, for instance, specific patterns of human evolution (Hernando-Herraez et al., 2015) or contributing to disease severity (Besingi and Johansson, 2014; Fernandez et al., 2012; Gopalakrishnan et al., 2008) .
High-throughput sequencing of DNA previously treated with sodium bisulfite is a technique used to measure DNA methylation levels in biological samples (Laird, 2010) . The two most widely used experimental protocols for whole genome bisulfite sequencing library construction are BS-seq (non-directional) (Cokus et al., 2008) and MethylC-seq (directional) (Lister et al., 2008) . The choice of the conversion technique affects the subsequent bioinformatic analyses. Many bioinformatic pipelines to analyze bisulfite sequencing data are available (see Supplementary Material for a comprehensive list of available tools), with advantages and limitations that have been reviewed in detail (Adusumalli et al., 2015; Bock, 2012; Bioinformatics, 34(8), 2018 Bioinformatics, 34(8), , 1414 Bioinformatics, 34(8), -1415 (5hmC), as long as the experimental protocol is able to discriminate between 5hmC and 5mC (Yu et al., 2012) . Considering all its capabilities, bicycle is the most complete and flexible pipeline for bisulfite sequencing data analysis.
Pipeline description
Bicycle has a project-based orientation, which allows keeping the information and results generated from each experiment clearly organized and separated from other experiments. The first step is to create a project directory/folder, where the genomic reference and the sequenced read files are processed, and the intermediate and final results are stored (step 1 in Fig. 1 ). To be able to align the bisulfited reads to the genomic reference, two in silico bisulfited versions of the reference genome must first be generated (step 2 in Fig. 1 ). The next step is to map the bisulfited reads to both modified versions of the reference genome (step 4 in Fig. 1) . A previous step of reference indexing is required before alignment with Bowtie (Langmead et al., 2009) , when the reference is used for the first time (step 3 in Fig. 1 ). In the methylation analysis (step 5 in Fig. 1 ), bicycle visits each cytosine in the reference genome and assigns it to a methylation context (CG, CHG or CHH), performing (i) methylation level calculation and (ii) methylcytosine calling. Such calling is carried out in a way similar to the one described in (Lister et al., 2009) , where statistical significance at each position is based on the estimated error rate in bisulfite conversion. Finally, differentially methylated cytosines (DMC) and differentially methylated regions (DMR) can be computed between different samples representing two groups or conditions (e.g. treatment and control) (step 6 in Fig.  1 ), implementing the same statistical approach described in (Park et al., 2014) , which is based on a likelihood ratio test of betabinomial models. For additional details, see Part 5 of Supplementary Material.
Conclusions
We have presented bicycle, a bioinformatic pipeline designed to analyze DNA methylation data from bisulfite sequencing experiments.
We have compared it to an array of publicly available pipelines (Part 2 of Supplementary Material), highlighting whether each tool is able to perform a particular step done by bicycle. This comparison demonstrates that bicycle provides a number of features that altogether make it the most complete bioinformatic pipeline for the analysis of bisulfite sequencing data. To assess the accuracy of bicycle, (i) we tested it on an artificially generated dataset, obtaining the expected methylation rates imposed in the simulation; (ii) we reproduced the results on a publicly available targeted BS dataset; and (iii) we compared it to five popular pipelines on two publicly available datasets (targeted BS and WGBS), obtaining similar results in terms of performance and methylation quantification (Parts 3 and 4 of Supplementary Material). Bicycle is available in several formats, including a docker image containing all its dependencies (https:// hub.docker.com/r/singgroup/bicycle) and a LiveCD with the most popular tools compared here.
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